Elevation of cytosolic calcium (ICa2+I;) has been reported to induce apoptosis in a number of cell types. However, in the neutrophil, which undergoes apoptosis constitutively during aging in vitro, activation by inflammatory mediators elevates ICa2Ji; and prolongs lifespan via inhibition of apoptosis. To examine this paradox, we investigated the effects of modulation of [Ca2" I upon apoptosis of neutrophils in vitro. Calcium ionophores (A23187, ionomycin) retarded apoptosis in neutrophil populations after 20 h (P < 0.001). Conversely, intracellular Ca2+-chelation, using bis-(o-aminophenoxy)-NNNN'-tetraacetic acid (BAPTA) acetoxymethyl ester (AM) promoted apoptosis (P < 0.02). W-7 (an inhibitor of calmodulin) also promoted apoptosis (P < 0.05). Measurements of ICa2+I,, using fura-2, showed (a) increased apoptosis in neutrophil populations was not associated with elevated ICa2I]1, (b) neutrophils cultured with ionophore at concentrations inhibiting apoptosis exhibited transient ( < 1 h) elevations of[Ca2Ijl, to levels previously reported with receptor-mediated stimuli, and (c) BAPTA was able to prevent the elevation of ICa2+Ij and the inhibition of apoptosis produced by ionophore. Modulation of apoptosis occurred without alterations in intracellular pH. Thus, in the neutrophil, unlike lymphoid cells, elevation of ICa2+Ii exerts an inhibitory effect upon apoptosis. Furthermore, these data suggest that transient elevation of ICa2"I elicits signaling events leading to prolonged inhibition of apoptosis. (J. Clin. Invest. 1993. 92:446-455.)
Introduction
Apoptosis is a highly organized mechanism by which cells undergo programmed cell death. In a wide range of cell types, common morphological and molecular events bring about this "physiological" death ( 1, 2). The morphological events characterizing apoptosis are cytoplasmic and nuclear condensation (3) and the biochemical "hallmark" is internucleosomal chromatin fragmentation (4) . There has been intense interest in the intracellular events mediating programmed cell death. In particular, previous studies in lymphoid cells have implicated in-creases in intracellular free calcium ([Ca2" ]i)' in the triggering of apoptosis. For example, elevation of [Ca2" ]j, either directly via calcium ionophore (5) or indirectly with "physiological" stimuli, such as corticosteroids (6) or anti-CD3 receptor antibodies (7), induces apoptosis in thymocytes. Similar data have been obtained in other cell types, including leukemic T cell lines (8) and cytotoxic T lymphocyte-induced target cell killing (9) .
We have previously shown that neutrophils isolated from peripheral blood, or inflamed sites, undergo apoptosis constitutively during aging in vitro (10) and there is histological evidence that neutrophils undergo apoptosis at inflamed sites in vivo (10, 11) . Neutrophil apoptosis determines the uptake of intact neutrophils by macrophages ( 10, 12) and is associated with specific deficits in neutrophil function, including loss of ability to change shape (polarize) on deliberate stimulation ( 13) . It has been proposed, therefore, that apoptosis represents a mechanism for limiting the toxic potential ofthe neutrophil. Nevertheless, while neutrophils undergo apoptosis constitutively, the rate of apoptosis can itself be modulated. For example, neutrophil apoptosis is delayed by bacterial products and inflammatory mediators, such as FMLP and CSa (14) , as well as other receptor-mediated stimuli associated with calcium mobilization and elevation of[Ca2+]i during neutrophil activation (15) (16) (17) . These data raise an interesting paradox, that apoptosis in the neutrophil is inhibited by stimuli increasing
[Ca2+ ]i, whilst this event has been shown to trigger apoptosis in other cells.
We therefore examined the effects ofmodulation of [Ca2+]1 upon subsequent apoptosis in neutrophils in vitro, using calcium ionophores, as used in previous studies (5, 6) . We demonstrated that incubation of neutrophils with calcium ionophores (A23187, 4-bromo-A23187, and ionomycin) dramatically retarded neutrophil apoptosis without inducing cell necrosis. We observed that delay of apoptosis was associated with prolongation of functional lifespan ofthe neutrophil, assessed by stimulated shape change and was also associated with a corresponding delay in macrophage recognition. Conversely, neutrophil apoptosis was promoted by chelation of intracellular calcium with bis-(o-aminophenoxy)-N,N,N,N'-tetraacetic acid (BAPTA) acetoxymethyl ester (AM) or use of a calmodulin inhibitor, W-7, with a corresponding reduction in neutrophil function and increase in macrophage recognition. Measure Neutrophil isolation and culture. Neutrophil granulocytes were isolated from the peripheral blood of normal human volunteers by dextran sedimentation followed by centrifugation through discontinuous plasma-Percoll gradients as previously described ( 10, 18) . These techniques minimize activation or "priming" of neutrophils ( 18) and yield granulocytes of > 98% purity on May-Giemsa-stained cytopreps. Eosinophil "contamination" of neutrophil fractions was always < 2%.
Cells were suspended at concentrations of 5 X 106/ml in Iscove's DME with 10% autologous platelet-rich, plasma-derived serum and with penicillin and streptomycin (100 U/liter). The "age" of neutrophils in culture was calculated designating this stage as time 0. Neutrophils were incubated at 37°C in a 5% CO2 atmosphere and were harvested from culture at various time points thereafter.
Treatment ofneutrophils. Cells were incubated in the presence or absence of a variety of potential modulators of apoptosis. These included the calcium ionophores A23187, 4-bromo-A23187 (19) , and ionomycin; the calmodulin antagonist W-7 [N(6-aminohexyl)-5-chloro-l-naphthalene sulfonamide, HC1] (20) and BAPTA/AM, which chelates intracellular calcium (21 ) . Stock solutions of W-7 were prepared in methanol (final concentration of methanol 0.05%, vol/ vol). Stock solutions of all other compounds were prepared in DMSO (all final DMSO concentrations < 0.01%, vol/vol). Aliquots were diluted before each experiment in Iscove's DME. Preliminary experiments confirmed that these concentrations of solvents did not increase cell necrosis or modulate the rate of neutrophil apoptosis (data not shown).
Assessment ofcell viability and morphology. At time 0 and then at subsequent time points as indicated in Results, cells were removed from culture and counted on a hemocytometer. Cell necrosis was assessed by trypan blue exclusion and viability always exceeded 98%, except where indicated below. Cell loss during culture was assessed by counting on a hemocytometer and was minimal (< 1%). Cytocentrifuge preparations were fixed in methanol and stained (May-Giemsa stain) for light microscopic evaluation of apoptosis, which previous studies show to correlate closely with electron microscopy and DNA electrophoresis ( 10). The percentage of cells demonstrating the highly characteristic light microscopic appearances of apoptosis was assessed by counting > 1,000 cells/slide. This was further confirmed by demonstration of a characteristic "ladder-pattern" of chromatin fragmentation.
Assay of neutrophil change of shape on stimulation. Neutrophil ability to change shape upon stimulation was assessed using a previously described method ( 18 ( 13) .
Chromatin fragmentation assays. The presence of chromatin fragmentation in aged neutrophils was assessed using a modification of a method previously described for thymocytes (22 Results shown are means of three experiments, each counted in triplicate.
peripheral blood monocytes over 7 d was assayed as previously described (10) . Briefly, neutrophils were washed in HBSS, resuspended at 1 X 106/ml in HBSS, and 1 ml of suspension was added to each well of adherent Mk cultures in 24-well plates. After 30 min incubation at 370C in a 5% CO2 atmosphere, the wells were vigorously washed with cold (40C) saline and fixed with 2% glutaraldehyde in PBS. To identify ingested neutrophils, wells were then stained for myeloperoxidase using hydrogen peroxide and dimethoxybenzidine as substrate. The interaction was quantified by counting, under light microscopy, the proportion of M/i containing myeloperoxidase-positive cells in five randomly selected fields. A minimum of 500 M,0 were assessed per well and the percentage ingesting neutrophils recorded. A minimum of three wells were counted per treatment and all neutrophil samples were handled in the same way, regardless of their time in culture. Fresh and aged control (nonmodulated) neutrophils were included as additional controls.
Determination of cytosolic calcium levels [Ca2"];.
[Ca2+ ]i was assayed using a modification of the method described by Karnad et al. (23) . Briefly, neutrophils were removed from culture, washed three times in HBSS without phenol red, and then incubated with fura-2/ AM (final concentration 2 ttM) for 30 min at 370C. After washing away fura-2/AM and allowing a further 10 min for optimal deesterification, neutrophils were resuspended at 2 x 106/ml in HBSS without phenol red. Fluorescence was determined using a spectrofluorophotometer (Shimadzu RF5000 (Fig. 1) . There was no significant cell necrosis (trypan blue exclusion was always > 95%). A23 187 produced a concentration-dependent inhibition of neutrophil apoptosis ( Table I ).
The light microscopical evidence of reduced apoptosis was confirmed in three ways. First, the characteristic "ladder-pattern" upon electrophoresis of low molecular weight DNA (4) was absent in ionophore-treated cells but present in DNA from untreated cells (Fig. 2) (Fig. 1 C) using the Ca2"-sensitive dye fura-2/AM in neutrophils exposed to various concentrations of the ionophore 4-bromo-A23187. These ranged from 0.5 MM, below which ionophore had no effect upon apoptosis, to 5.0 MuM which profoundly inhibited apoptosis at 20 h. Concentrations above 5.0,MM were not used as these caused cell necrosis (Table I) . We observed a concentration-dependent elevation of [Ca2+]i levels when 4-bromo-A23187 was added to the cuvette and [Ca2" ] continuously monitored over 10 min (Fig. 4) (Fig. 10) . Again, there was no significant cell necrosis in these experiments. (Fig. 7) .
Furthermore, no alteration in pHi was seen at later time points up to 3 h (data not shown). However, higher concentrations of 4-bromo-A23187 (5 MM and 10 MM), which were associated with loss of neutrophil viability (Table I) , did cause intracellular alkalinization (Fig. 7 (Fig. 8) . 5MM BAPTA/AM, which caused a greater promotion of apoptosis, lowered resting [Ca2+].
Although loading of cells with BAPTA /AM necessarily releases acid because of cleavage of the parent ester (25, 26) , concentrations of BAPTA/AM of 2.5 MM or below did not alter pH-. In three experiments, pH-was 7.37±0.04 in control cells, 7.45±0.06 in cells incubated with 1 MM BAPTA/AM, and 7.30±0.03 in cells incubated with 2.5 MM BAPTA/AM. 5 MM BAPTA/AM caused a slight lowering of pH-to 7.25±0.04.
10MAM and 20AM BAPTA/AM lowered pH-to 7.12±0.14 and 6.83±0.34, respectively, comparable to published data (25) .
In three further experiments, neutrophils were preincubated for 8 h in the presence or absence of A23187, BAPTA/ AM, or both compounds. BAPTA/AM prevented elevation of cytosolic calcium in response to 4-bromo-A23187, whether added to the measuring cuvette (Fig. 9 C) or, added together (29, 30) and degranulation (27, 29) The "downstream" signaling pathways of this modulation ofapoptosis are also ofgreat importance and will be the subject of further studies. Calmodulin is a multifunctional calciumbinding protein involved in cell functions such as motility and contractility, but also in the calcium-dependent regulation of many enzymes (37). The ability of W-7 to promote apoptosis suggested that activation of a calcium:calmodulin dependent kinase may play a role in the inhibition ofneutrophil apoptosis. Although W-7 may have effects upon other intracellular transduction systems, at the concentration of W-7 used in these studies (60 ,uM) the predominant interaction ofW-7 is likely to be with calmodulin rather than protein kinase-C (Ki 12 uM calmodulin; Ki 110 I M PK-C) (38) . Thus, a weak effect on PK-C cannot be excluded from these studies, but a more potent effect of W-7 upon calmodulin would be predicted. Again, the converse effect, promotion of apoptosis, has been observed with calmodulin inhibitor treatment of thymocytes (6), calmodulin perhaps being involved in regulating nuclear uptake of calcium (39) . Early induction of the calmodulin gene has been reported in corticosteroid-induced apoptosis ofWEHI 7.2 lymphocytes, in which calmodulin inhibitors were also shown to protect against apoptosis (40) .
As shown in these studies, inhibition of apoptosis in the neutrophil is linked to functional upregulation and delayed macrophage removal. However, it is not unexpected that neutrophil mechanisms for control ofapoptosis should differ from those of other cells of the immune system. The terminally differentiated neutrophil is short-lived (half-life in the circulation -6 h) and apparently destined to die rapidly by apoptosis (41 ) . Neutrophil activation, e.g., by inflammatory mediators, not only enhances neutrophil functional capacity but also delays the onset of apoptosis ( 14) . Mechanisms may therefore exist for the inhibition of constitutive neutrophil apoptosis, linked to pathways of cellular activation, many of which are mediated, at least in part, by elevation of cytosolic calcium.
